Gin-mediated site-specific recombination promotes inversion of the G segment of phage Mu. The crossover takes place between two 34 bp-long inverted repeat sequences flanking the G segment. We have characterized the inversion site, the target for the site-specific recombination mechanism. An artificial invertible segment was constructed which consists of parts of the invertible segments of Mu and phage P1, which in this respect are largely homologous, Upon inversion of this hybrid segment the crossover site could be located, by DNA sequencing, in the ACCT sequence of the centre of symmetry in the inverted repeat in Mu. The hybrid Mu-P1 segment inverts at a lower frequency than its parental invertible segments probably because of the mismatches between the inverted repeats of Mu and P 1. This suggests that base pairing between the inverted repeats is an intermediate step in recombination. Plasmids with subcloned G segments lacking the adjacent/~ region of Mu or the corresponding region in P7, a relative of P1, are deficient in inversion. By analysis through site-specific mutagenesis of Mu DNA, an enhancer element with multiple recognition sites was identified which is necessary for efficient inversion. This component of the inversion site was located in a 170 bp segment within the Mu/~ region, 30 bp to the right of the inverted repeat sequence, but can be separated from the crossover site by a 1200 bp insertion without losing its effect.
INTRODUCTION
Bacteriophage Mu has the ability to alternate between two host ranges ( Van de Putte et al., 1980; Kamp, 1981) . This switch is caused by the inversion of the 3000 bp-long G segment in the Mu genome. The inversion is mediated by the site-specific recombination function Gin which is encoded in the neighbouring/~ region. Depending on the orientation of the G segment, genes S and U or S' and U' are expressed, producing different tail fibres which enable phage Mu to recognize different receptors on host cell surfaces (Kamp & Sandulache, 1983; Grundy & Howe, 1984) . At the boundaries of the G segment inverted repeat (IR) sequences (Hsu & Davidson, 1974) , which are 34 bp long, are thought to be the substrates for Gin-mediated recombination (R. Kahmann & D. Kamp, unpublished results) . Well-characterized prototypes of site-specific recombination systems are the integration/excision system of phage 2 (Nash, 1981) and the resolvase-mediated resolution of co-integrates formed during the transposition of Tn3-1ike transposable elements . The substrate for the integrase in phage 2, the attachment site, is about 250 bp long. It consists of a core region, which represents the homology between phage and bacterial attachment sites, and the P and P' arms (Mizuuchi & Mizuuchi, 1980) containing binding sites for the proteins Int (Hsu et al., 1980) , IHF (Craig & Nash, 1984) and Xis (Yin et al., 1985) . The substrate for the resolvase in Tn3 is a region of about 120 bp, containing three binding sites (Kostriken et aL, 1981 ; Grindley et al., 1982) . Because of the relationship, at the level of primary structure, of the inversion enzymes and resolvase (Simon et al., 1980; Diver et al., 1983 ; Plasterk et al., 1983) and the more distant relationship of Gin to Int (Kamp et al., 1984) , we anticipated that site-specific recombination mechanisms might be 0000-6900 © 1986 SGM similar and that the substrates for Gin-mediated recombination might also be more complex and exceed the 34 bp-long IR sequence. We have therefore coined the term inversion (inv) site and describe its initial characterization. We have mapped the crossover point and determined the approximate boundaries of the inversion site at the G-fl junction. Results of experiments investigating the analogous inversion of the C region (mediated by the cin gene function) of the related phages P1 and P7 are also presented.
METHODS
Bacteria andphages. Bacteria were grown in dYT medium (Miller, 1972) . Enterobacter cloacae and Escherichia coli K12 CSH50 were used as indicators for Mu G(-) and G(+) phages respectively (Kamp, 1981) . E. coli K12 C600 was used as a gin donor to complement Mu gin-phages (Kamp & Kahmann, 1981) . Mu clts62, Mu clts62 445-5, P1 Cmctsl00, P7 cts1.9 and D108 ctsl0 have been described previously (Howe, 1973; Kamp et al., 1978; Rosner, 1972; Wandersman & Yarmolinsky, 1977; Hull et al., 1978) .
Construction ofpPM8 andpPM20. In pGPI the BglII fragment, which contains cin and the complete C segment of phage P1, was inserted into the BamHI site ofpBR322. In pGP2 the C segment and most of the IRs were deleted by removal of a KpnI fragment, In a shotgun cloning, the KpnI/EcoRV fragment of pGP2 was substituted by the KpnI/EcoRV fragments of Mu, generating pPM20 and pPM8 (Fig. 1) .
Isolation ofpPMS1. The pPM8-harbouring strain was grown at 37 °C in 30 serial overnight cultures each starting from 20-fold dilution into fresh medium. The population of plasmids was tested for inversion of the G segment by restriction enzyme analysis using HindII. Among single colony isolates, plasmid pPM81 was found in which the G fragment of pPM8 was inverted.
Site-specific mutagenesis in pMU901. Plasmid pMU90I carries a KpnI fragment from Mu consisting of part of the G segment in (+) orientation and the fl region. Partial digests with restriction enzymes known to cut in the G-fl region were ligated with the kanamycin (Kn) resistance fragment of Tn903 (Vieira & Messing, 1982) . Insertion mutants were selected as Kn r and further characterized by restriction mapping (Fig. 6) .
Construction ofp WR4. pWR 1 was constructed by cloning the BamHI fragment 6 of P7 (Iida & Arber, 1979 ) in pBR322 such that cin was located to the right of the C segment. A 1350 bp-long SphI fragment containing the Nterminal part of the cin gene and part of pBR322, and the 1750 bp-long BamHI-BglII fragment from P7 DNA, were deleted resulting in plasmids with the C segment frozen in either of the two possible orientations: pWR3G(+) and pWR3G(-). The BglII fragment of Tn5 carrying the promoter-less neomycin phosphotransferase gene (neo) (Rothstein et al., 1980; Beck et al., 1982) was inserted into the invertible segment of these plasmids generating pWR4G(+) and pWR4G(-) (Fig. 7) .
Preparation and analysis ofDNA. Plasmid DNA was prepared by the procedure of Stougaard & Molin (1981) . Transformation of E. coli by plasmid DNA was according to Cohen et al. (1972) . Recombinant plasmids were rapidly screened using the method of Birnboim & Doly (1979) . DNA was analysed by agarose gel electrophoresis as described by Sugden et al. (1975) . Restriction enzymes and T4 DNA ligase were purchased from New England Biolabs or from Boehringer, and used as recommended by the suppliers. Phage Mu DNA was extracted from purified phages (Kahmann et al., 1976) .
Sequence analysis of the 1R sequence in pPM81, pPMSI was cleaved with KpnI. After radiolabelling using polynucleotide kinase the linearized plasmid was cut with EcoRV. The small fragment containing the left IR was isolated and sequenced according to the procedure of Maxam & Gilbert (1977) . The right IR was sequenced after subcloning the appropriate HaelII fragment into the HindlI site of pUC9 (Vieira & Messing, 1982) . Sequence comparisons were performed using the computer program BESTFIT (University of Wisconsin Genetics Computer Group).
TestJor G inversion. CSH50(Mu c/ts62) was transformed by pGK16, pMU804 and pMUS06. The strains were grown in overnight cultures at 32 °C after a 20-fold dilution in fresh dYT medium. After 30 successive serial cultures, plasmids were isolated and tested for inversion of the G segment by restriction enzyme analysis. The mutants generated by site-specific mutagenesis in pMU901 were crossed into Mu. Since most of the insertion and deletion mutants were gin-, lysogens were made in the phenotypically gin + strains C600, CSH50/pGM1, CSH50/pGP2 or CSH50/pMS8. The latter plasmid is a pBR322 derivative containing the H2 gene and hin region of Salmonella typhimurium (Simon et al., 1980) . Starting from a single colony, the lysogens were grown to a density of 108 cells/ml, heat-induced at 42 °C for 20 min, and incubated at 37 °C until the bacteria lysed. The lysates were titrated on CSH50 and on E. cloacae as a biological assay for G inversion. The presence of recombinants, in particular with CSH50/pG M 1 and C600, was excluded by testing the phages for kanamycin resistance, Inversion in phages carrying the mutation within the G segment was tested by restriction enzyme analysis using KpnI and EcoRV. Inversion in pWR4G(+) was assayed by the appearance of Kn r colonies on YT plates containing ampicillin (20 ~tg/ml) and kanamycin (150 ~tg/ml). Cells harbouring the plasmid were lysogenized with P1 Cmcts100, P7 ctsl. 9, Mu clts62 or Dt08 ctsl0, which all provide the inversion function in trans, and lysogens were streaked out on antibiotic-containing plates and incubated for 24 h at 32 °C. Plasmids were prepared from resistant colonies and C segment orientation was determined by cleavage with Hindll. 
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RESULTS

Inversion of a Mu/P1 hybrM G segment and localization of the crossover point
IR sequences are found at the boundaries of invertible DNA segments and serve as substrates for specific DNA inversion functions. The IRs of phage P 1 have a length of 640 bp although the outer 35 bp are sufficient for inversion and correspond to the 34 bp inverted repeat sequence of Mu (Iida et al., 1982; W. Ritthaler, R. Kahmann & D. Kamp, unpublished results) . The inversion systems of Mu and P1 are able to complement each other (Kamp et al., 1979;  W. Ritthaler, R. Kahmann & D. Kamp, unpublished results) in spite of the fact that there are nucleotide exchanges in the IR sequences. We exploited these facts to map the crossover point more precisely within the IR sequence. We constructed artificial invertible segments which consist of part of the Mu G segment including the IR sequence at the ~-G boundary and the other end of the IR of P1. Plasmids pPM8 and pPM20 have different configurations: an ~-G(+) junction in pPM20 and an a-G(-)junction in pPM8 (Fig. 1 segments did not show any inversion after an overnight culture, in contrast to plasmids pGM 1 or pGP1 which contain the Complete invertible segments of either Mu or P1. However, after prolonged incubation, inversion was found in pPM8, but not in pPM20. From the pPM8 population, plasmid pPM81 was isolated as a clone in which inversion had occurred ( Fig. 2 and  3 ). DNA sequencing of the two resulting IRs showed a reciprocal crossover within the sequence AAACCT at positions 8 to 13 (Fig. 4) . Since there is a mismatch between the IRs of P1 corresponding to position 9 of the IR of Mu, and since this mismatch is outside the invertible DNA in P1 (Iida et al., 1982 ; W. Ritthaler, R. Kahmann & D. Kamp, unpublished results) , the crossover must have occurred in the sequence ACCT. Unexpectedly, the pPM81-harbouring strain did not show any inversion back to the original structure of pPM8, which is consistent with the behaviour of pPM20 and suggests directionality in the inversion of this hybrid invertible segment.
Inversion of subcloned G segments
We have previously shown that the cloned G segment in plasmid pGM1 inverts efficiently (Kamp et al., 1979) . In the course of subcloning this segment (Fig. 5) we constructed plasmids pMU804 and pMU806 which contain the G segment flanked by 1100 bp of the ~ region and only 50 bp of the fl region; these plasmids therefore do not have the gin gene. In spite of the presence of an intact G segment they could not be complemented by a gin + prophage. Another plasmid, pGK 16, a derivative of pGM 1, which carries a Tn5 insertion located in the fl region at a distance of 150 to 200 bp to the IR, also did not yield any inverted G segments upon complementation. This suggested that a larger segment of the fl region adjacent to the G segment is necessary for inversion.
Inversion in mutants of the [3 region
In order to characterize this essential region we generated insertion and deletion mutations in fl by site-specific mutagenesis of plasmid pMU901 (Fig. 6 ). Since the inversion assay by restriction enzyme analysis is not as sensitive as the biological assay, we crossed these mutations into a Mu phage and determined G inversion by plating G(-) and G(+) phage particles on their respective hosts (Table 1) . To provide a gin function for the mutants, the phages were grown in C600 and in hosts carrying plasmids with the inversion functions of Mu, P1 or S. typhimurium. Inversion of the G segment could be achieved with all mutants; the rate, however, depended on the position of the mutation and the source of gin used for complementation. were generated which are characteristic for the G(+) and G ( -) orientation of the G segment (see also gin + insertion mutant Mu-201 showed the same inversion rate as Mu wild-type, whereas the ginmutant Mu-321 with a deletion located 245 bp away from the IR sequence showed an inversion rate comparable to Mu-445-5 gin-which can be complemented normally by a Mu gin + prophage (Kamp et al., 1978) . All other mutations which map between Mu-201 and Mu-321 showed a more or less pronounced effect and therefore defined a segment necessary for efficient inversion.
Inversion in mutants of the G segment
We then investigated the effect of mutations in the G segment to the immediate left of the IR sequence (Fig. 6 ). Since these mutations inactivate the tail fibre gene necessary for plating on E.
cloacae, G inversion was determined by restriction enzyme analysis. This showed that all < 10 -7 5 × 10 -T 2 × 10 -2 1 × 10 -2 4 × 10 -4 Mu-109 < 10 -7 < 10 -7 1 x 10 -s 1 × 10 -5 < 10 -7 Mu-310 <10 -7 <10 -7 1 x 10 -5 3 × 10 -5 <10 -7 Mu-298 < 10 -7 1 × 10 .4 1 X 10 -2 1 × 10 -2 5 X 10 -3
Mu-ll6 <10 .7 3 × 10-* 5 x 10 -3 3 x 10 -2 1 x 10 .2 Mu-279 < 10 .7 5 x 10 -5 1 x 10 -2 4 x 10 -3 1 x 10 .2 Mu-321 <10 .7 2 x 10 .2 1 x 10 -2 4 x 10 .3 2 x 10 -2 Mu-445-5 < 10 -7 2 x 10 -2 3 x 10 -2 NT 5 x 10 -3 * The number of G(+) phage particles was determined by plating on E. coli CSH50 and the number of G(-) phage particles by plating on E. cloacae. To account for the restriction by E. cloacae the titre is lower and therefore the ratio of Mu wild-type was set to 1 under the assumption that equal amounts of G(+ ) and G( -) phage particles were present in the lysates. In contrast to our previous results (Kamp et al., 1978) Mu-445-5 did not reach equilibrium under these experimental conditions. We are presently investigating whether the Gin function acts preferentially in cis.
]" The Gin activity of C600 (Kamp & Kahmann, 1981) relevant mutants having insertions or deletions in G were capable of efficient inversion (Fig. 3) . Therefore, the inversion site could not be more than 40 bp to the left of the inverted repeat at the G-fl boundary.
Inversion sites in P1 and P7
Since previous experiments had shown that the inversion functions of Mu, P1 and P7 were mutually exchangeable we assumed that analogous sites would be essential for an efficient functioning of Gin-mediated inversion in P1 and P7. A major difference in the structural organization of the inversion systems of Mu, P1 and P7 is the different orientation of gin and ¢in with respect to the invertible segment. Thus, the region we identified as crucial for inversion in Mu was located in P1 or P7 in an inverted manner, at a distance of about 400 to 600 bp from the IR. Inversion of the cloned invertible segment of P7 was tested in plasmid pWR3 which lacks the N-terminal part of the ein gene, by cleavage with restriction enzymes. In contrast to the parental plasmid, pWR1, where equilibrium was reached within one overnight culture, growth of pWR3 in the presence of P7 as a cin donor did not lead to detectable inversion. In the light of the experiments with Mu, this suggested that sequences in the N-terminal part of cin were involved in the inversion process. To generate a more sensitive biological test system, we constructed plasmid, pWR4G(+), where we inserted a promoter-less kanamycin resistance gene into the invertible segment. After switching the orientation of the invertible segment upon complementation by P1, P7, Mu and D108 (Fig. 7) this gene could be expressed from the tet promoter in pBR322. This assay revealed that inversion, as in Mu, occurs at a low rate in the absence of the enhancer component.
DISCUSSION
The phage-encoded site-specific recombination function Gin inverts the G segment of phage Mu by catalysing a crossover within inverted repeat sequences flanking the G segment. Construction and characterization of a hybrid invertible segment consisting of one inverted repeat of Mu and one inverted repeat of P 1 limited the crossover region to the sequence ACCT, which is approximately in the middle of a partially symmetric Mu IR. This raises the possibility 
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298 116 279 of a staggered cut of up to four bp to provide an overlap region during the crossover event• Since only part of the IR is involved in the overlap and all other inversion systems have longer IRs (the smallest being 14 bp for the Hin system in Salmonella), the homology provided by the inverted repeat must have an additional role and could be involved in the formation of the synaptic complex (Nash, 1981) . If base pairing is critical for the synaptic complex, one could explain the low inversion rate in the hybrid invertible segment because here a number of base mismatches result in a lower contiguous homology. In addition to the inverted repeat there are components of the inversion site which are not absolutely essential. We found a recombinational enhancer element located in the fl region of Mu between the AhaIII sites at positions 1479 and 1641, a segment which is deleted in phage mutant Mu-109. This enhancer can be separated from the inverted repeat by a 1200 bp insertion (in the mutant Mu-201) without losing its effect. These findings are in agreement with the results of Kahmann et al. (1985) . The fact that inversion of the G segment by the homologous inversion functions cin and hin is also stimulated by the enhancer sequence is furthermore in agreement with the work of Huber et al. (1985) and Johnson & Simon (1985) who showed that efficient inversion of the C segment and the H segment, respectively, are also dependent on the presence of the enhancer sequence. These authors located the enhancer in segments that correspond to the gin gene between positions 1536 to 1617 and 1545 to 1604, respectively, in agreement with our mapping. However, there is a difference with respect to the precise location of the boundaries. Whereas our insertion mutants Mu-108 and Mu-116 show reduced levels of inversion and sharply define the boundaries of the enhancer with respect to mutants Mu-321 and Mu-201, Kahmann et al. (1985) located the right boundary further inside, at position 1512, and Huber et al. (1985) as well as Johnson & Simon (1985) suggested a smaller enhancer sequence. This discrepancy might reflect the structural features of the enhancer. The intermediate effect of the insertions in mutants Mu-108 and Mu-116, compared to the strong effect in the deletion mutant Mu-109, suggests the presence of more than one recognition site. This suggestion is reinforced by the fact that the sequences affected by the insertions are partially homologous and appear to be variations of the symmetrical sequence AAACGCGCTTT. Interestingly, when we looked for this sequence in P7, the best homology was found at a position differing from that expected from the alignment of the gin and cin genes (Fig. 8) . In addition, such a sequence is also present in the inverted repeat. This led us to a working model involving multiple binding sites which is also discussed by Kahmann et al. (1985) is that they found stimulation of recombination to be only about 20-fold, whereas in our experiments the absence of the enhancer led to a reduction of inversion by several orders of magnitude. Since we have also shown that there is a significant difference between the single copy gin donor C600 and a multicopy gin plasmid, it is apparent that the concentration of the Gin product plays a considerable role. Therefore, our experiments, done in more physiological conditions, could possibly give a more realistic assessment of the enhancer requirements than in previous reports, which involved a large excess of Gin protein in vitro, or a Gin-overproducing plasmid in vivo. In summary, it seems that the inversion site is made up of three components: the crossover site, the inverted repeat as a core region analogous to that of 2 att, and additional binding sites. A preliminary account of this work has been published (Kamp et al., 1984).
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